evolution reactions. The affinity to water and the oxophilicity of Ni hydroxides are proposed as likely origin of the observed effects.
Metal alloy particles of nanometer dimensions typically show different surface catalytic reactivity as compared to their bulk alloy form. Since the surface-to-volume ratio increases with decreasing nanoparticle (NP) size, characteristics such as the surface atomic composition and geometrical distribution, alongside with their imperfections (defects), become increasingly relevant at controlling the catalytic behavior of individual metal NPs. This is the origin of size-and shape-dependent reactivities of metal NP catalysts. [1] [2] [3] [4] While the exploration of NP size effects in catalysis has a long history, [5] [6] [7] [8] [9] [10] our understanding of the role of the NP shape in heterogeneous catalysis and electrocatalysis is still in its infancy. [11] [12] [13] [14] [15] [16] [17] [18] [19] New wet-chemical colloidal synthesis methods have significantly improved our ability to control the size and shape of metal and oxide NPs. 18, [20] [21] [22] Other than the particles' geometry, the surface atomic composition of alloy NPs largely affects their catalytic behavior. Although the surface composition is initially determined by molecular processes taking place during the NP synthesis, it is a dynamic parameter. In fact, the surface composition of small NPs is highly sensitive to external stimuli, such as temperature or surface active components in gas-or liquid-phase environments during heterogeneous catalytic and electrocatalytic processes, respectively. In gas-phase catalysis as well as electrochemical catalysis, surface adsorption and reaction can induce surface restructuring 22, 23 or selective surface segregation of an alloy component. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Owing to the presence of the segregated component, partially segregated surfaces may display bifunctional catalytic enhancement effects resulting in a new and unexpected catalytic behavior compared to the original surface. Along these lines, the catalytic activity of bimetallic surfaces could be turned on and off by suitable consecutive exposure to segregation-inducing environments.
Several previous experimental and theoretical studies have investigated temperature- [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] and adsorbate-driven [45] [46] [47] [48] segregation process in Pt-Ni systems, including the effect of such segregation in their catalytic reactivity. 35, 37, [49] [50] [51] [52] In general, segregation phenomena in bimetallic systems can be understood based on the surface energies and atomic radius of the two metals, with the element having a larger atomic radius and a lower surface energy segregating towards the free surface. In the case of platinum and nickel, although platinum has a slightly higher surface energy than Ni (2.475 J m À2 vs. 2.45 J m À2 ), 53 due to the much larger atomic radius of Pt (1.39 A) as compared to Ni (1.24 A), the segregation of platinum toward the surface is expected, as it was reported for annealing studies in vacuum [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] and in H 2 environments. 47 However, for this material system there is experimental 37, 38, 47, 54 and theoretical 35, 40, 42, 47, 50 evidence that Pt segregation would only result in the formation of the so called ''Pt skin'' or ''sandwich structure'', and not in a phase-separated core-shell structure. The Pt skin refers to a configuration in which the outermost layer is Pt-rich, while the second layer is Ni-rich. Remarkably, although adsorbates could change the segregation properties of the Pt-Ni system, the segregation phenomena appear to be limited to the top-most surface layers. For example, while some density functional theory (DFT) calculations did not predict any segregation due to chemisorbed oxygen, 48 others showed the formation of a Ni skin with the outermost layer enriched by Ni and the second layer by Pt. 47 In contrast, in cases where oxides might be readily formed, this behavior might be drastically modified, since oxygen might then not only be present at the surface or top-most subsurface region, but also in the bulk of the NPs. In particular, the formation of nickel oxide could contribute to the segregation of Ni to the NP surface, as discussed for various nickel alloys. response to various thermal, gas-phase, and electrochemical environments. We follow the changes of the near-surface composition of the PtNi(111) facets after exposure to oxygen and hydrogen gas environments using X-ray photoelectron spectroscopy (XPS) and contrast those to surface compositional transformations during electrochemical potential cycling pretreatments in alkaline and acidic environments. Acidic electrochemical environments dissolve Ni species from the surface leaving behind a Pt enriched interface. Oxygen and hydroxide (alkaline) environments promote the surface segregation of Ni(II) oxide species, which, owing to their oxophilicity and resulting affinity to water activation, show a significant promotion of the electrochemical CO oxidation and the electrocatalytic hydrogen evolution. A bifunctional synergetic effect between surface Pt atoms adjacent to Ni oxide domains is proposed.
Experimental Catalyst synthesis
Spherical Pt NPs (Pt/C) supported on a high surface area carbon powder. Commercial Vulcan XC 72R supported Pt NPs with a 15% loading by weight with a BET value of 151 m 2 g À1 and mean size of about 5 nm was used as benchmark and standard catalyst 55, 56, 58 for CO electrooxidation and hydrogen evolution. The catalyst was employed as received.
Spherical PtNi NPs (s-PtNi/C) supported on a high surface area carbon powder. To synthesize spherical PtNi NPs, 0.3 mmol of Ni(ac) 2 /4H 2 O, 0.4 mmol of 1,2-tetradecandiol, 0.6 mL of oleic acid, and 0.6 mL of oleylamine were added into 40 mL of dioctylether in a three-neck flask. The solution temperature was then increased to 200 C in an oil bath during 40 min. Subsequently, 0.3 mmol Pt(acac) 2 dissolved in 2 mL dichlorobenzene was injected into the reaction flask via a syringe. This solution was held at 200 C for 1 h and then cooled down to room temperature (RT). After that, ethanol was added to precipitate the NPs, which were then collected after centrifugation (8000 rpm, 10 min). The NPs were further washed in ethanol and then redispersed in hexane. The latter solution was then mixed with Vulcan XC carbon by a ultrasonic treatment. To remove the residual surfactants, the obtained catalysts were heated at 180 C in air for 1 h and further annealed at 400 C in H 2 (4 vol% in Ar) for 4 h.
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Octahedral PtNi NPs (oct-PtNi/C) supported on a high surface area carbon powder. To synthesize octahedral PtNi NPs, 4 mM Pt(acac) 2 and 10 mM Ni(acac) 2 were mixed together in 100 mL DMF under ultrasonic treatment. The resulting homogeneous solution was transferred to a glass-lined stainless-steel autoclave and heated from RT to 120 C within 10 min. The temperature was held for 42 h. Before washing the particles, the carbon support was added to the solution under ultrasonic treatment. Finally, the oct-PtNi/C was washed with ethanol/water several times.
For the XPS study, three identical PtNi samples containing octahedral NPs were prepared using the same NP solution. The NPs were drop-coated on atomically clean pyrolytic graphite (HOPG) substrates after sonicating the original NP solution for 10 min and subsequently annealed in O 2 , H 2 and vacuum.
Catalyst film electrode preparation
A catalyst ink was prepared by mixing the as-prepared catalyst powder in 5 ml of an aqueous and isopropanol solution containing 5 wt% Nafion and ultrasonicated for 15 min. A 10 ml aliquot was dispensed onto the rotating disk electrode (RDE) resulting in a Pt loading of about 7mg cm À2 for s-PtNi/C, 8 mg cm À2 for oct-PtNi/C, and 9 mg cm À2 for Pt/C, respectively. Finally, the as-prepared RDE catalyst film was dried at 50 C for 15 min. The morphology and dispersion of the PtNi NPs supported on HOPG was monitored via atomic force microscopy (AFM) (Digital Instruments, Nanoscope III). On these samples, thermal treatments in different environments were conducted in a high pressure (HP) cell (SPECS GmbH) that allows annealing up to 800 C and pressures up to 20 bar. The HP cell was evacuated after each thermal treatment and the samples were directly transferred to the attached ultrahigh vacuum (UHV) system without exposure to air. XPS data were acquired in situ in a UHV chamber equipped with a monochromatic X-ray source (Al-ka, 1486.6 eV, 350 W) and an hemispherical electron analyzer (Phoibos 100, SPECS GmbH). For the XPS study, three identical PtNi samples containing octahedral NPs were annealed in 1 bar O 2 , 1 bar H 2 , and vacuum environments within the HP cell for 20 min. The temperature ramp was set to 1 C s
À1
. All XPS spectra were measured at RT. The high resolution XPS data were acquired using a pass energy, E pass , of 18 eV. The XPS spectra were analyzed using the CASA XPS software.
61 All spectra were aligned using the C-1s peak from the graphite support at 284.3 eV as reference. The Ni/Pt atomic ratios were obtained from the area under the Ni-2p and Pt-4f peaks after normalization by the corresponding atomic sensitivity factors of 26.08 and 14.99, respectively.
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Electrochemical pretreatments
All electrochemical measurements were carried out in a conventional three electrode cell, employing a Pt gauze as counter electrode and a commercial reversible hydrogen electrode (RHE). 59, 60 All potentials here are referenced to this reference electrode. Electrochemical catalyst pretreatments are illustrated in Fig. 1 . Pt/C, s-PtNi/C and oct-PtNi/C catalysts were cycled between 0.06 and 0.6 V RHE at 100mV s À1 in deaereated 0.1 M KOH alkaline or 0.1 M HClO 4 acidic solutions. Catalysts that underwent 1 and 20 cycles in alkaline are denoted as ''1-alkaline'' and ''20-alkaline'', respectively. s-PtNi/C and oct-PtNi/C catalysts that were cycled 100 times in 0.1 M HClO 4 under otherwise identical conditions were denoted ''100-acid'', see Fig. 1 .
CO electrooxidation measurements
The electrochemically pretreated Pt/C, s-PtNi/C and oct-PtNi/C catalysts were tested for their electrooxidation (stripping) of adsorbed CO at saturation coverage. The CO stripping of ''1-alkaline'' and ''20-alkaline'' was performed in 0.1 M KOH alkaline solutions only, while the ''100-acid'' acid-pretreated samples were measured in both alkaline 0.1 M KOH and 0.1 M HClO 4 acid solutions, Fig. 1 . CO adsorption was carried out at a constant electrode potential of +0.05 V versus RHE by flowing CO gas through the electrolyte for 15 min. Then, the gas was switched to N 2 for 15 min to remove excess non-adsorbed CO gas in the electrolyte solution while keeping the potential constant. After that, the potential was scanned from +0.05 to +1.0 V versus RHE to record the CO stripping. One additional potential cycle was conducted in order to record the H upd charge value as well as the electrochemical response of the surface at 50 mV s
À1
.
Hydrogen evolution reaction measurements
After the electrochemical pretreatments, the RDE was transferred into an electrochemical cell containing a H 2 -saturated 0.1 M KOH (pH 13) solution. In each experiment, the electrode was immersed in the solution at +0.05 V. Then, the HER polarization curves were recorded between À0.2 V and +0.05 V versus RHE at a scan rate of 1mV s À1 as shown in Fig. 1 . The HER activities were normalized to the catalytically active real surface area (ECSA), which was evaluated by CO stripping.
Results and discussion
Structural and morphological characterization (TEM, AFM)
As described in the experimental section, octahedral PtNi bimetallic NPs with a bulk Pt : Ni ratio of 1 : 1 were prepared using wet-chemical methods (solvothermal process at elevated pressures), 62 with DMF serving as solvent and reducing agent. 63, 64 The spherical NPs were prepared using an ambient pressure hot-injection technique 65 at 200 C involving a high-boiling point solvent, surfactants and reducing agents as separate components.
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Fig . 2 shows TEM and HAADF STEM micrographs of as-prepared unsupported octahedral PtNi (oct-PtNi) NPs. The particles exhibited a narrow size distribution with a mean diameter of about 9 nm. EELS data 64 exhibited the composition distribution and STEM image in Fig. 2d showed the octahedral structure in the PtNi nanoparticles. Fig. 3 shows TEM and HAADF STEM images of the unsupported and carbon-supported spherical PtNi (s-PtNi) NPs. Particle sizes were narrowly distributed around a mean of about 6 nm. X-Ray diffraction patterns (not shown) and EELS intensity line scans for Pt and Ni, Fig. 3 (d), for selected individual NPs showed that the catalyst consisted of a single face-centered-cubic bimetallic alloy phase with a fairly homogeneous distribution of Pt and Ni atoms at the atomic scale. Pt to Ni intensity ratios across an individual NP are close to 1, which is consistent with the PtNi bulk composition. The particle center appears to be slightly enriched in Ni, indicating the formation of Ni-rich alloy seeds during the reduction process. Fig. 4 shows an AFM image of the as prepared Pt 50 Ni 50 /HOPG sample. The average NP height obtained is 3.7 AE 0.8 nm. The atomic steps of the HOPG surface can be observed, and NP decoration of step edges is evident. 
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Evolution of surface composition under chemically reactive gas and liquid environments Gas-phase pretreatments. Fig. 5 shows XPS data from the Pt-4f and Ni-2p core level regions of one of the as-prepared samples together with spectra acquired on identical samples after in situ thermal treatments at 300 C for 40 min in different environments, namely in UHV, in 1 bar of O 2 , and in 1 bar of H 2 . Higher annealing View Article Online temperatures were avoided due to concerns regarding possible NP shape transformations. However, Monte Carlo simulations of PtNi NPs annealed in vacuum at 330 C demonstrated no drastic change in the shape of octahedral NPs.
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The Pt-4f spectra in Fig. 5 
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The content of the different Pt and Ni species as well as the Ni/Pt ratio after the different treatments is shown in Fig. 6 . The as prepared samples contain metallic and oxidic Pt species (PtO and PtO 2 ), while the Ni is mainly in the form of NiO. Upon annealing in vacuum or hydrogen, the partial reduction of both PtOx and NiOx species is evident from the increase in the content of the respective metallic components, Fig. 5 and 6 . While Pt is completely reduced in H 2 at 300 C, a relatively large NiO content is still observed, as expected due to the higher affinity of nickel for oxygen as compared to platinum. Nevertheless, the most significant effect was observed upon annealing in oxygen, with not only the total oxidation of Ni, but also a drastic increase in the intensity of the Ni signal. On the other hand, for the Pt component, only an increase in the Pt 4+ content is detected, with metallic Pt species being still present. These results suggest that under those conditions, a Pt-rich NP core might be protected by a NiO shell. Fig. 6 (c) shows the Ni/Pt ratio for the as prepared sample as well as that obtained after annealing in different environments. The Ni : Pt ratio increases in all cases after the thermal treatments, with the (Ni : Pt) O 2 > (Ni : Pt) Vacuum > (Ni : Pt) H 2 . As it was mentioned in the introduction, the segregation of Pt induced by annealing in vacuum or H 2 environments would be hard to detect using XPS since it only affects the composition of the outermost layers of the NPs. The increase observed here is most likely due to initial presence of the oxide. To the best of our knowledge, there is no theoretical study predicting the segregation behavior of Pt and Ni in the presence of such oxide species. However, our XPS measurements revealed that as long as the Ni oxide is present in the NPs, a shell of NiO and a core of Pt will form upon heating, regardless of the chemical environment. Interestingly, the final content of Ni at the NP surface appears to be proportional to the extent of the oxidation of the Ni component after a given treatment. This can be seen by comparing the Ni 2+ contributions in Fig. 6 (b) and the Ni/Pt ratios in Fig. 6 (c) after the different View Article Online treatments. For both parameters, the lowest content is observed after the thermal treatment in H 2 , followed by the vacuum annealing, and the maximum after O 2 exposure at the same temperature (300 C). As was mentioned in the introduction, the formation of nickel oxide could contribute to the segregation of Ni to the NP surface. By reducing the NiO via annealing in vacuum or hydrogen environments, Ni can diffuse back into the Pt core and form a uniform Pt-Ni alloy. The onset temperature for Ni diffusion into Pt(111) single crystals and alloy formation has been experimentally reported to vary between 180 C-380 C, depending on the Ni coverage (0.8-3ML).
44 Fig. 7 displays a model of the distribution of Pt, Ni, PtOx and NiOx species on the octahedral NPs after the different in situ thermal treatments.
Electrochemical potential cycling pretreatments. Having explored the surface redox and segregation phenomena of oct-PtNi NPs in gas-phase chemical environments, we performed a similar study in electrochemical environments and tested the effect of the changes in the surface structure and composition on the catalytic reactivity. 
View Article Online
To
We chose a potential range from +0.05 to +0.6 V/RHE for each cycle such that the evolution of the surface composition would not be influenced by the formation of Pt oxides, while Ni and NiO surface species could form, segregate, or dissolve. The cycling pretreatments included: i) a single cycle in an alkaline solution representing a standard measurement close to the pristine state of the catalyst surface (1-alkaline), ii) 20 potential cycles in an alkaline solution, because this treatment yielded a stable cyclic voltammogram (not shown) and showed a maximum in catalytic HER performance (see below), and iii) 100 potential cycles in an acidic electrolyte, after which the cyclic voltammogram was stable with time and resembles in shape that of a pure Pt surface, indicating the complete loss of Ni or NiO from the top layer.
The effect of the pretreatments in the three electrochemical environments on the morphology and chemical composition of the oct-PtNi NPs is displayed in Fig. 8  and 9 , where Z-contrast TEM scans along the <110> and <100> directions are shown.
In these images, the Z-contrast scales with nearly the power of 2 of the atomic number of the elements along the scanned electron beam direction, and hence carries compositional information along with thickness information. Fig. 8 (a) and 8(d) represent the near-pristine state of the octahedral NPs. Fig. 8 (b) and 8(e) evidence that 20 cycles in the alkaline solution did not have a significant effect on the morphology or Z-contrast, except perhaps a slightly darkened contrast near the bottom vertex of the image in Fig. 8(b) (see arrow) . Darkened regions can be explained by reduced specimen thickness or enrichment in the lighter element at comparable thickness. Since the alkaline environment precludes the dissolution of either Pt or Ni, an enrichment in Ni or Ni oxides is a likely explanation. Fig. 8(c) and 8(f) show a clearly increased Z-contrast between the bright central octahedral edges and the opposite facets and vertex regions. Since acidic conditions are known to dissolve Ni and Ni hydroxide surface species, a thinning of the specimen by selective metal dissolution appears as a likely explanation for the changes in the Z-contrast. Also, along the <100> direction in Fig. 8(f) , the enhanced Z-contrast between the central octahedral frame and the (111) facet region is consistent with a reduced thickness of the facet region. To support the latter conclusion we performed additional STEM and high resolution TEM studies on acid-leached octPtNi. The high resolution TEM image in Fig. 9(b) confirms that the acid-cycled octahedra suffered from selective surface dissolution of Ni and Ni hydroxide species near the facet centers, resulting in a concave facet morphology. Fig. 9(c) illustrates schematically the morphology of the resulting Pt-rich concave octahedra NP formed during the treatment of oct-PtNi in acidic environments.
In order to gain further insight into the surface and near-surface composition of the electrochemically-treated samples, we have measured the octahedral and View Article Online spherical PtNi NPs supported on flat adhesive graphite tabs after 1 and 20 cycles in the alkaline solution, and after 100 cycles in the acid solution via ex situ XPS. Fig. 10 shows Pt-4f and Ni-2p XPS data of oct-PtNi and s-PtNi NPs after the different electrochemical treatments. After one cycle from 0.05 V to 0.6 V and back to 0.05 V in an alkaline electrolyte, platinum is reduced to the metallic state, while Ni is partially oxidized in the s-PtNi NPs and completely oxidized in the oct-PtNi NPs, Fig. 11(a),(b) . The initial Ni : Pt ratios in the electrochemical environment were significantly higher than those under UHV gas-phase conditions, suggesting the formation of a thick Ni-rich surface layer in the liquid environment. Additional potential cycling in the alkaline solution (20 and 100 cycles) lead to a slight decrease in the Ni : Pt ratio, signalling a Pt-richer surface/near surface NP region, Fig. 11(c) . According to their Pourbaix behavior, Ni hydroxides cannot chemically dissolve under pH ¼ 13 conditions. Thus, the decrease Ni/Pt in the ratio observed either originated from an electrochemical surface segregation of Pt species, or else, from a partial surface Ni hydroxides reduction at the low electrode potential limit (0.05 V) and subsequent Ni inward diffusion and Pt-Ni alloy formation inside the NP core. The appearance of a small Pt 2+ component in the XPS data of the octahedral NPs might correlate with the facile electrochemical oxidation of low-coordinated surface Pt atoms near the corners and edges of the octahedral NP surface. It should also be noted that these samples were all measured after transfer in air to the UHV XPS system, and therefore, it cannot be ruled out that a fraction of the oxidic Pt and Ni species observed at the NP surface could originate from the air exposure. Nevertheless, as mentioned before, PtOx species were not observed on the 1-alkaline oct-PtNi NP sample. Similar observations were made for the spherical PtNi NPs after identical treatments in the alkaline solution, Fig. 11 . However, a larger decrease in the Ni content at the NP surface was obtained for s-PtNi as compared to oct-PtNi after the first 20 cycles in the alkaline solution. Whether that is exclusively attributable to a shape effect or whether a size effect is co-involved remains speculative given our data. Subsurface Ni atoms may prefer to move away from the surface and alloy within the NP core during cycling; or else, Pt may be more mobile due to its lower average surface coordination and hence preferably surface segregate. Also, in contrast to the octahedral NPs, the dominant Pt component in the spherical NPs remained metallic Pt.
After 20 and 100 voltammetry cycles in the acidic solution, a strong decrease in the Ni/Pt ratio is observed, Fig. 11(c) . In light of the TEM measurements, such observation can be attributed to the selective surface Ni dissolution in the acid electrolytes. Interestingly, in this case platinum appears to be partially oxidized (Pt 2+ ), while nickel is partially reduced, Fig. 11(a),(b) . Here, the partial oxidation of Pt might be again related to the low Pt coordination or due to the removal of the protective Ni shell into the electrolyte during the acidic potential cycling.
Electrocatalytic activity CO oxidation. To study the impact of the electrochemical pretreatments and resulting surface structure of the oct-PtNi/C and s-PtNi/C NPs on their electrocatalytic properties, the pretreated ''20-alkaline'' and ''100-acid'' oct-PtNi/C samples were used for the electrocatalytic oxidation of a pre-adsorbed monolayer of CO during a cyclic voltammetric sweep. Conceptually, this electrochemical reactivity measurement is equivalent to a temperature ramp during a gas-phase catalytic temperature-programmed-oxidation (TPO) experiment. First, a study of the oxidative CO stripping of the ''100-acid'' oct-PtNi/C and s-PtNi/C samples was performed in acid and alkaline electrolytes, and compared to a pure Pt/C NP catalyst. The black traces marked ''1.'' in Fig. 12(a),(b) , and (c) show the first cyclic voltammograms (CVs) in acid. Between 0.05 V and 0.6 V all initial anodic voltammograms remained flat at vanishing current densities, consistent with a fully CO-covered, and hence poisoned and inactive Pt surface. CO electrooxidation on Pt started with a small View Article Online pre-peak feature around 0.72 V, followed by the main peak around 0.85 V, Fig. 12(a) . The shape of the cyclic voltammogram is fully consistent with previous CO studies of Pt NPs of comparable size. 70, 71 In contrast, the ''100-acid'' oct-PtNi/ C and s-PtNi/C samples showed a 130 mV cathodic shift of the major CO oxidation peak. Following earlier arguments this can be attributed to a weaker interaction of surface Pt atoms with adsorbed CO. Alternatively, low-coordinated Pt atoms formed during the acidic leaching process could serve as active adsorption sites for water activation, resulting in adsorbed OH species that remove CO. The small differences between the acid-treated octahedral and the spherical NP catalysts suggest a fairly limited impact of the NP shape on the CO stripping process. Instead, the electrocatalytic properties appear to be controlled by the surface and nearsurface composition.
In alkaline environments the voltammetric CO oxidation peaks showed a significant cathodic potential shift. The Pt/C NPs showed a CO stripping onset potential of about 0.6 V, Fig. 12(a) , followed by a gradual current increase peaking at 0.7 V (marked as ''Pt''). The potential shift can be explained by the presence of reactive adsorbed hydroxide anions, which cause CO oxidation at lower electrode potentials. A severe cathodic shift in the CO oxidation onset potential was observed for the PtNi/C NPs. Both, octahedral and spherical ''100-acid'' PtNi NPs exhibited a new CO oxidation peak at around 0.5 V (marked ''Ni''). Being shape-independent and absent for the pure Pt NPs, we conclude that this feature is associated with the presence of Ni or Ni-hydroxides in or near the catalyst surface. It is reasonable to assume that the Ni species effectively catalyze the activation of water molecules and serve as supply for active oxygenates to oxidize surface CO.
The second voltammetric cycle of the NPs in acid and alkaline environments (marked ''2'' in Fig. 12) showed the characteristic peak features associated with the underpotential deposition and removal of atomic hydrogen (H upd ) in acid and alkaline electrolytes. A separate comparative study of the CO oxidation behavior of alkaline-pretreated octahedral and spherical NPs (''1-alkaline'' and ''20-alkaline'' NPs) and acid-pretreated NPs (''100-acid'') was carried out and the results are displayed in Fig. 13 . The CO stripping curve of both octahedral and spherical ''1-alkaline'' NPs showed an unexpectedly intense CO removal peak (marked ''Ni'') in Fig. 13(a) just below 0.5 V, and hence very close to the position of the ''Ni'' peak of the ''100-acid'' NPs. More anodic, both ''1-alkaline'' samples showed a broad shoulder near the potential where the ''100-acid'' sample showed its most intense current density peak associated with CO stripping [marked ''Pt'' in Fig. 13(a) ]. This suggests that Ni, Ni hydroxide species and maybe defects in or near the surface are responsible for the early CO oxidation onset.
Both, the octahedral and spherical PtNi/C ''20-alkaline'' samples exhibited a very similar CO oxidation voltammogram as compared to their ''1-alkaline'' sample. In light of the XPS results of Fig. 11 , the ''20-alkaline'' CVs appear fairly insensitive to moderate changes in the surface Ni/Pt ratio (lower for the s-PtNi/C sample) or the metal oxidation state (higher content of cationic Pt species for oct-PtNi/C). Table 1 provides a synopsis of the electrochemically active surface areas (CO-ECSA) evaluated from the various voltammetric stripping curves. The Pt/C NPs showed consistent ECSA values, in good agreement with earlier reports.
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The ratio of CO-based ECSA and H upd -based ECSA for Pt/C was 1.08, confirming consistency between the two surface area evaluation methods. CO-ECSA values of the PtNi/C NPs were also comparable between the acid and alkaline measurements (see Table 1 ). The somewhat larger oct-PtNi/C NPs showed higher ECSA values than the smaller spherical NPs, contrary to intuition. The reason for this could lie in the surface roughness of the concave octahedral NPs offering an increased number of CO adsorption sites. Furthermore, CO-ECSA values of the ''1-alkaline'' and ''20-alkaline'' samples were consistent, suggesting a negligible reduction in CO adsorption during prolonged potential cycling. It is noteworthy that the ratio of CO-ECSA and H upd -ECSA was about 1.5 for both the spherical and the octahedral ''100-acid'' NPs. This area ratio has been linked to weakened hydrogen surface binding as compared to standard Pt. A value of the ratio larger than one has recently even been considered diagnostic for the formation of a Pt alloy skin surface, consisting of a single segregated Pt monolayer with the second layer being non-noble metal enriched. Unfortunately, due to the inelastic mean free path of electrons or XPS probe-depth, the XPS results cannot provide unambiguous evidence for the formation of a skin surface structure. The observed voltammetric charge ratio value of 1.5 means that the Pt skin-like hydrogen adsorption properties 70 can also appear in aciddealloyed core-shell surfaces when treated in alkaline electrolytes, even in the absence of any thermal pretreatment. It is conceivable that the CO catalysis in Fig. 13 First and second CO electrooxidation voltammograms of (a) oct-PtNi/C and (b) s-PtNi/C catalysts in alkaline solutions (pH 13) after different pretreatments. Arrows indicate scan directions, scan numbers are marked. H upd denotes voltammetric features associated with underpotential deposition and stripping of atomic hydrogen. Voltammetric peaks associated with the formation and reduction of Pt-OH are indicated. alkaline electrolytes of the ''100-acid'' sample smoothed the surface by ''electrochemical CO annealing'' leading to the healing of surface defects, 24 while aiding Ni to segregate toward the surface and thus created a near-surface alloy closely resembling a skin structure. The latter hypothesis is supported by the fact that the CO stripping voltammograms of ''100-acid'' oct-PtNi/C and s-PtNi/C NPs closely resemble that of a skin-type PtNi.
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Overall, the CO electrooxidation study demonstrates how a simple variation in the pretreatment environment can drastically alter the catalytic behavior of alloy electrocatalysts through environment-induced segregation and the presence of distinct active species in or near the catalyst surface.
Hydrogen evolution in alkaline conditions. In addition to the electrocatalytic CO oxidation reaction, we chose the electrocatalytic reduction of water to molecular hydrogen (hydrogen evolution reaction, HER) in an alkaline electrolyte as a model reaction to test the impact of acid and alkaline surface pretreatments. This reaction is of great importance for neutral and alkaline water splitting for chemical energy storage applications. While alkaline water electrolysis is generally preferred based on catalyst cost, an efficient HER catalysts for alkaline media is missing. Pt is the best known HER electrocatalyst in acidic conditions. However, it displays severe overpotentials (efficiency losses) in alkaline solutions. Fig. 14(a) presents the cyclic voltammetric behavior of the ''1-alkaline'' pretreated Pt/C, oct-PtNi/C, and s-PtNi/C catalysts in an alkaline electrolyte over a wide potential range from 0.05 to 1.0 V in order to show the H upd as well as the water activation/PtOH formation regions. The pure Pt NPs show sharper H upd as well as PtOH features (0.3 V and 0.8 V), while the alloy NPs exhibit much broader potential waves in either region. In agreement with earlier studies on PtNi, 74 the alloy NPs exhibit a reduced H upd charge due to the reduced interaction of atomic hydrogen with Ni-containing surface and subsurface layers. The onset of water activation occurs fairly early, namely at around +0.5 V for both catalysts. No obvious difference can be detected between the spherical and the octahedral NPs. Fig. 14(b) presents the hydrogen evolution reactivity in the alkaline electrolyte (blue, green, red) of Pt/C after the acid and alkaline pretreatments, and compares those with the activity of the hydrogen evolution on Pt in acidic electrolytes. The cathodic shift of the alkaline HER curves evidences that Pt is a much better electrocatalyst in acid than in alkaline solutions. The HER reactivity of Pt in alkaline solutions appears largely independent of the surface pretreatment, Fig. 14(b) . In contrast to Pt, PtNi/C NPs showed a significantly improved HER behavior, approaching that of pure Pt in acidic conditions. We assume that the presence of Ni in the NPs is responsible for the general increase in the HER activity of the alloys. The pretreatments were found to induce noticeable differences in the HER activity. The ''100-acid''-pretreated sample catalyzes the HER less efficiently as compared to the ''20-alkaline'' sample. The redistribution of surface Pt and Ni hydroxide species coupled with the emergence of lower, more favorable surface Ni/Pt ratios for HER could explain the additional activity gain of the ''20-alkaline'' catalyst. On the other hand, acid cycling associated with a strong depletion in Ni hydroxide on the NP surface could be responsible for the observed decrease in HER activity. As the data of spherical s-PtNi/C NPs in Fig. 14(d) illustrate, the influence of the NP shape on the catalytic HER activity is relatively small.
Bifunctional electrocatalysts through environment-induced segregation. The CO oxidation and HER catalysis served as model systems to demonstrate the drastic effect that pretreatments in electrochemical environments can have on surface structure and composition as well as on catalytic activity. Fig. 15 illustrates our hypotheses, based on the TEM, XPS and reactivity results, as to the surface chemical transformation during the electrochemical measurements. After synthesis, the (111) surfaces of oct-PtNi/C NPs consisted of a mix of Pt surface atoms and surface Ni(OH) 2 . After an initial alkaline pretreatment cycle (''1-alkaline'') the surface formed a thick Ni hydroxide-rich layer, while the low electrode potentials reduced surface Pt oxides to metallic Pt. Ni was likely present in its a-Ni hydroxide phase (green balls), which is the most stable Ni surface compound in the electrode potential range considered. 75, 76 Previous studies have shown that potential cycling can heal defects, and help remove low-coordinated adatoms analogous to thermal annealing in the gas phase. 77 Along these lines, the present cycling in alkaline caused surface compositional changes and geometric rearrangements in the surface to attain the energetically most favorable state of the alloy surface. The existence of hydroxide anions in the electrolyte generally favors the presence of Ni oxides in the top layer, [''20-alkaline'' in Fig. 15 ]. However, XPS also evidenced that potential cycling reduced the surface Ni/Pt ratio. This could be due to either Pt surface segregation because of the Ni reduction, or to Ni inward diffusion and alloy formation in the NP core driven by the heat of alloying of Pt and Ni.
Cycling pretreatment in acid environments selectively leached a significant portion of the surface Ni hydroxide species from the surface and subsurface region of the octahedral catalysts, 66 resulting in an essentially Ni-free surface enclosing a subsurface PtNi alloy core (core-shell structural arrangement). When tested in acid conditions, the subsurface Ni of the acid-leached PtNi NPs caused only a slight CO oxidation activity enhancement as evidenced by the 130 mV shift of the major oxidation peak. When tested in alkaline solutions, however, (''alkaline CO/HER electrolysis'' in Fig. 15 ) the hydroxide anions appeared to have caused a partial re-segregation of Ni species to the surface, evidenced by the emergence of the Ni-related CO oxidation peak around 0.5 V (marked ''Ni''). The renewed presence of Ni surface species in the alkaline tested ''100-acid'' NPs was responsible for the activity enhancement in HER relative to pure Pt NPs.
Owing to their Ni hydroxide-rich surface, the alkaline-pretreated NPs showed a drastically increased CO oxidation activity around 0.5 V and displayed a catalytic HER activity approaching that of pure Pt in acidic conditions. Interestingly, the effect of the NP shape on surface chemistry and electrocatalysis was smaller than anticipated, and appeared negligible as compared to the drastic compositional segregation effects.
Mechanistically, the CO oxidation reaction proceeds via a Langmuir Hinshelwood reaction mechanism 71 according to:
CO ad + OH ad + OH À ! CO 2 + H 2 O + e À + 2 *
On CO-covered Pt and Pt alloy surfaces at potentials below 0.5 V, the CO oxidation cannot proceed due to missing active oxygenated surface species, symbolized by OH ad . Hence, the adsorption of hydroxide anions and the resulting supply of active surface oxygenates represents the rate limiting step for the overall reaction. Pt NPs show an onset of OH formation more positive than 0.6 V [see Fig. 12(a) ]. In the presence of Ni hydroxide islands or clusters at the NP surface, the supply of activated water or hydroxide according to reaction eqn (2) commences earlier, resulting in the observed cathodic shift of the CO oxidation [peak ''Ni'' in Fig. 12(b,c) and  13(a,b) ]. This notion is illustrated in inset A of Fig. 15 , where Ni surface species are shown to serve as active site for water and anion activation.
The HER is probably the most intensely studied reaction in electrochemistry.
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Its mechanism in alkaline solution is treated as a combination of the Volmer reaction step (4) involving the dissociation of water to form a weakly adsorbed reactive H ad intermediate, followed by either the Tafel recombination (5) or the Heyrovsky step (6) The initial formation of the active adsorbed hydrogen (4) from a water molecule is generally considered a slow reaction step, making the activation of water a critical process to enhance the HER catalysis in alkaline solutions. The HER in acidic solutions, in contrast, involves the initial discharge of hydronium ions, which proceeds much faster associated with high HER activity. The oxophilicity and affinity to water adsorption of Ni-hydroxides has been well established in the past. 74, [80] [81] [82] [83] Based on that, we attribute the increased catalytic HER activity of the segregated PtNi alloy NPs, in particular, of the alkaline-pretreated NPs, to the improved water dissociation at Ni hydroxide patches (clusters) on the NP surface as compared to Pt surface atoms (see inset B in Fig. 15 ). Pt surface atoms adjacent to the Ni hydroxide accommodate the discharged reactive atomic hydrogen (H ad ) and subsequently catalyze reactions (5) and/or (6) . Combined, the Pt/Ni(OH) 2 system represents a bifunctional electrocatalyst with considerably enhanced HER activity. Furthermore, the study of the ''100 acid'' PtNi/C NPs demonstrated that efficient bifunctional Ni hydroxide cluster formation can originate from subsurface Ni species, and thus does not need to be carried out by deposition or coating of Ni clusters.
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Conclusions
Gas-phase chemical and liquid electrochemical environments can induce significant compositional and structural changes in solid alloy surfaces, especially those in the nm-size regime. Chemical and electrochemical environments form distinctly different types of interfaces to solids. For example, due to the absence or presence of an electrified double layer and mobile ions, distinctly different molecular interactions with surfaces are possible. However, our study demonstrates that gas-solid and liquid-solid interfaces also display commonalities, indicating certain unifying basic physico-chemical concepts.
Under various gaseous environments, octahedral PtNi NPs showed Ni : Pt ratios > 1 and followed the trend: (Ni/Pt) O 2 > (Ni/Pt) Vacuum > (Ni/Pt) H 2 . Furthermore, the latter trend directly correlates with the relative Ni(II) species in our samples. Interestingly, the initial presence of NiOx species on the as-prepared samples played a pivotal role in the atomic segregation observed before the onset temperature for drastic NiOx reduction (i.e., below 300 C). In particular, when a large content of NiOx species was present on the as-prepared samples, preferential Ni segregation to the NP surface was observed, even in reducing environments.
In analogy to the oxygen gas-phase pretreatments, electrochemical hydroxide anions stabilized thick Ni hydroxide-rich surfaces during the initial potential cycle. Subsequent cycles established a surface with more balanced Pt : Ni hydroxide ratios with novel synergetic properties. Acidic electrochemical environments caused the selective removal of surface Ni species, a reactive pathway generally less common in gas-phase environments. The alkaline pretreated catalyst NPs showed significantly increased CO electrooxidation and electrocatalytic hydrogen evolution activity for which the water activation ability of surface-segregated Ni hydroxides is held responsible. Coupled with the formation of suitable adjacent Pt surface atomic ensembles, the Ni hydroxide islands represents the self-organized formation of efficient bifunctional catalysts.
We expect that similar electrochemical segregation phenomena could occur in other Pt bimetallic alloy NPs or surface reactions, especially where surface active electrolytes or reactants are involved. As an example, during the electrocatalytic reduction of molecular oxygen, the catalyst surface may transform under operando conditions and change its catalytic properties due to emerging synergistic bi-or multifunctionalities.
